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Genomewide linkage scans have traditionally employed panels of microsatellite markers spaced at intervals of ∼10
cM across the genome. However, there is a growing realization that a map of closely spaced single-nucleotide
polymorphisms (SNPs) may offer equal or superior power to detect linkage, comparedwith low-densitymicrosatellite
maps. We performed a series of simulations to calculate the information content associated with microsatellite and
SNP maps across a range of different marker densities and heterozygosities for sib pairs (with and without parental
genotypes), sib trios, and sib quads. In the case of microsatellite markers, we varied density across 11 levels (1
marker every 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 cM) and marker heterozygosity across 6 levels (2, 3, 4, 5, 10, or
20 equally frequent alleles), whereas, in the case of SNPs, we varied marker density across 4 levels (1 marker every
0.1, 0.2, 0.5, or 1 cM) and minor-allele frequency across 7 levels (0.5, 0.4, 0.3, 0.2, 0.1, 0.05, and 0.01). When
parental genotypes were available, a map consisting of microsatellites spaced every 2 cM or a relatively sparse map
of SNPs (i.e., at least 1 SNP/cM) was sufﬁcient to extract most of the inheritance information from the map (195%
in most cases). However, when parental genotypes were unavailable, it was important to use as dense a map of
markers as possible to extract the greatest amount of inheritance information. It is important to note that the
information content associated with a traditional map of microsatellite markers (i.e., 1 marker every ∼10 cM) was
signiﬁcantly lower than the information content associated with a dense map of SNPs or microsatellites. These
results strongly suggest that previous linkage studies that employed sparse microsatellite maps could beneﬁt sub-
stantially from reanalysis by use of a denser map of markers.
The past few years have witnessed an explosion in the
number of linkage studies of complex diseases and traits
(Kostanje and Paigen 2002). Typically, these studies have
involved genomewide scans that use low-density maps
of microsatellite markers that are spaced at intervals of
∼10 cM across the genome. To maximize the chances
of detecting linkage, it is critical that any map of markers
extracts the optimum amount of inheritance information
(Kruglyak and Lander 1995; Kruglyak 1997).
More recently, the discovery of SNPs and the devel-
opment of automated high-throughput genotyping meth-
ods have enabled investigators to type thousands ofmark-
ers across the genome quickly and economically.Although
SNPs are biallelic and usually have lower heterozygosities
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than microsatellite markers, they are present at a greater
density throughout the genome and are associated with
lower genotyping error rates than their microsatellite
counterparts (Kennedy et al. 2003). Indeed, there is grow-
ing evidence that a map of closely spaced SNPs may offer
several advantages over low-density microsatellite maps,
including superior power to detect linkage (Kruglyak
1997; Wilson and Sorant 2000; Goddard and Wijsman
2002; Matise et al. 2003; Middleton et al. 2004) and
improved localization of the underlying disease/trait lo-
cus (John et al. 2004). However, previous simulation
studies have only examined sparse maps of SNPs, with
a limited range of pedigree structures. For example, the
highest density that Kruglyak (1997) examined was 1
SNP/cM, and this was only in the case of cousin pairs
for which parental genotypes were available. Very re-
cently, reanalysis of existing microsatellite scans with a
denser map of SNPs found signiﬁcant linkages missed
by the initial scans (Middleton et al. 2004). Given that
SNP technology has evolved to allow high-throughput,
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high-density genotyping at densities 11 SNP/cM, it is
important to determine whether high-density maps offer
signiﬁcant beneﬁts over lower-density maps, in terms of
power to detect linkage. In this study, we examined the
information content associated with both microsatellite
and high-density SNP maps in the context of the most
common types of pedigree designs—nuclear family and
sibling studies. In particular, we were interested not only
in the conditions under which a dense map of SNPs
might provide an advantage over traditional microsat-
ellite maps but also in what the optimal density of mark-
ers might be for each of these pedigree structures.
For all simulations, we segregated 100-cM chromo-
somes in 200 pedigrees. Pedigrees consisted of either a
sib pair with parental genotypes or a sib pair, trio, or
quad without parental genotypes. In the case of the mi-
crosatellite maps, we simulated equally spaced markers
every 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 cM, with each
marker consisting of 2, 3, 4, 5, 10, or 20 equally frequent
alleles. In the case of the SNP maps, we varied the spac-
ing of the markers so that SNPs were equally spaced
every 0.1, 0.2, 0.5, or 1 cM. We also varied the minor-
allele frequency (MAF) of the SNPs across seven levels:
0.5, 0.4, 0.3, 0.2, 0.1, 0.05, and 0.01. This range of
parameters encompasses all currently available SNP and
microsatellite linkage panels, including the commercially
available 4,600- and 10,000-SNP panels (Oliphant et al.
2002; Matsuzaki et al. 2004), the 300–400-microsat-
ellite sets widely used in the Applied Biosystems and
Cooperative Human Linkage Center collections (Dib et
al. 1996; Broman et al. 1998), and the recent deCODE
set of 1,068 microsatellite markers (Helgadottir et al.
2004). Information content was computed using the pro-
gram MERLIN (Abecasis et al. 2002) and was averaged
over the 100 simulations either at the marker closest to
the middle of the chromosome or halfway between the
two markers closest to the middle of the chromosome
(Kruglyak 1997).
Figure 1 displays the information content associated
with microsatellite maps across the different heterozy-
gosities, marker densities, and pedigree structures. As ex-
pected, information content increasedwith heterozygosity
and was greatest at markers and lowest in betweenmark-
ers. Information content also increased with marker den-
sity, although this depended strongly on the availability
of parental genotypes. When parents were genotyped, a
density of 1 microsatellite every 1 or 2 cM was sufﬁcient
to extract nearly 100% of the inheritance information
from the map (see left-hand panels in ﬁg. 1). Thus, when
parental genotypes are available, there is little point in
genotyping at a density 11 microsatellite/2 cM. However,
most linkage studies have employed a sparse map of 300–
400 microsatellite markers, which are spaced every 10
cM, on average, across the genome (Altmu¨ller et al. 2001).
With this map, the information content dipped to ∼70%
in betweenmarkers. Even recent scans that have employed
a denser panel of ∼1,600 microsatellite markers from the
deCODE set (i.e., ∼1 marker/3 cM) do not quite extract
the maximum amount of inheritance information and
could beneﬁt from an increase in marker density (e.g.,
Helgadottir et al. 2004).
In contrast, when parental genotypes were unavailable,
the information content associated with the highest den-
sity of microsatellites we examined was only ∼70%—
approximately the same as that associated with a sparse
map of microsatellite markers when parents were ge-
notyped. We note that, although it would be theoreti-
cally possible to examine higher densities of microsat-
ellite markers in our simulations, this would be unreal-
istic, since the density of microsatellites in the human
genome is not much greater than 1 marker/0.5 cM.Most
alarming, the information content associated with a tra-
ditional map of microsatellites (i.e., 1 marker/10 cM)
was as low as ∼30% in between markers. This ﬁgure is
dramatically lower than the ﬁgure of 58% reported by
Kruglyak (1997) in the case of cousin pairs with parental
genotypes available. Since the expected LOD score, and
therefore the power of linkage analysis, is proportional
to the amount of information extracted from the map
(Kruglyak 1997), this result suggests that the majority
of sib-pair linkage studies that have used the typical sets
of 300–400 microsatellite markers have been seriously
underpowered.
A previous study by Kruglyak and Lander (1995) re-
ported trends similar to our results, but with higher val-
ues for information content. For example, in the case of
sib pairs without parental genotypes, Kruglyak and
Lander (1995) reported that the information content as-
sociated with a microsatellite map of 1 marker/10 cM
was 160% (as compared with our ﬁgure of ∼30%). The
reason for this discrepancy is that Kruglyak and Lander
(1995) used an older deﬁnition of information content
that was based on the variance associated with the dis-
tribution of estimated identical-by-descent probabilities.
This has since been shown to be inferior to an entropy-
based measure (the classical measure of information con-
tent) that scales linearly with the expected LOD score
(Kruglyak 1997). We used this more-appropriate en-
tropy measure, as implemented in MERLIN (Abecasis
et al. 2002).
Table 1 displays the information content associated
with SNP maps as a function of marker density, allele
frequency, and pedigree structure. Increasing the density
of SNPs has little effect when parents have been geno-
typed, since, even at relatively low densities (e.g., 1 SNP/
cM [∼3,000 SNPs genomewide]), the majority of inher-
itance information has been extracted from the pedigree.
Therefore, if parents can be genotyped, a sparse map of
SNPs should sufﬁce. In contrast, when parental geno-
types were not available, increasing the marker density
Figure 1 Information content for microsatellites, as a function of marker density (X-axis) and marker heterozygosity (colored lines). Information content is calculated at the middle
marker of the chromosome (A) and halfway between the two middle markers (B).
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Table 1
Information Content Calculated at SNP Markers as a Function of Marker Density, MAF, and Pedigree Structure
PEDIGREE STRUCTURE
AND MAP DENSITY
INFORMATION CONTENT FOR SNPS WITH MAF OF
.5 .4 .3 .2 .1 .05 .01
Sib pairs with parental genotypes:
1 SNP/1 cM .957 (.944) .954 (.942) .944 (.933) .918 (.910) .837 (.831) .704 (.700) .297 (.297)
1 SNP/.5 cM .980 (.974) .979 (.974) .973 (.967) .959 (.954) .918 (.915) .836 (.834) .468 (.468)
1 SNP/.2 cM .992 (.990) .992 (.990) .990 (.988) .985 (.983) .969 (.968) .935 (.935) .706 (.706)
1 SNP/.1 cM .996 (.995) .996 (.995) .994 (.993) .993 (.992) .985 (.984) .968 (.968) .840 (.840)
Sib pairs without parental genotypes:
1 SNP/1 cM .568 (.563) .562 (.557) .542 (.538) .504 (.501) .417 (.415) .324 (.323) .117 (.117)
1 SNP/.5 cM .641 (.638) .638 (.636) .623 (.620) .594 (.592) .521 (.520) .437 (.436) .194 (.194)
1 SNP/.2 cM .703 (.702) .703 (.702) .693 (.692) .670 (.669) .635 (.634) .572 (.571) .340 (.340)
1 SNP/.1 cM .725 (.725) .720 (.720) .723 (.722) .710 (.710) .684 (.684) .645 (.645) .455 (.455)
Sib trios:
1 SNP/1 cM .709 (.703) .703 (.697) .691 (.685) .654 (.650) .567 (.565) .451 (.450) .173 (.173)
1 SNP/.5 cM .760 (.757) .757 (.754) .749 (.747) .727 (.725) .669 (.668) .582 (.581) .284 (.284)
1 SNP/.2 cM .792 (.791) .793 (.792) .787 (.786) .778 (.777) .752 (.752) .704 (.704) .465 (.465)
1 SNP/.1 cM .803 (.803) .803 (.802) .799 (.799) .795 (.795) .785 (.784) .757 (.757) .594 (.594)
Sib quads:
1 SNP/1 cM .796 (.789) .793 (.786) .779 (.773) .751 (.747) .672 (.668) .548 (.546) .218 (.217)
1 SNP/.5 cM .827 (.824) .827 (.824) .819 (.816) .805 (.802) .761 (.759) .682 (.681) .353 (.353)
1 SNP/.2 cM .845 (.843) .844 (.843) .842 (.841) .837 (.835) .821 (.820) .785 (.785) .560 (.560)
1 SNP/.1 cM .849 (.849) .850 (.849) .848 (.847) .846 (.845) .838 (.838) .822 (.822) .687 (.687)
NOTE.—Values inside parentheses refer to information content calculated halfway between the two middle markers.
signiﬁcantly increased the amount of inheritance infor-
mation extracted—in some cases, by 20%. This effect
was most marked for sib pairs and decreased as more
siblings were added to the pedigree. This is expected,
since typing additional siblings increases certainty about
inheritance, even at sparse marker densities. We note
that when parents were not typed, increasing the density
of markers beyond ∼2–5 SNPs/cM (6,000–15,000 SNPs
total) produced increasingly diminishing returns. In the
end, it will be the investigator who decides whether the
additional cost associated with genotyping at a higher
density is worth the small gain in information. Finally,
we note that, except in the case of rare SNPs (!5%
MAF), allele frequency was far less important in deter-
mining information content than SNP density (Kruglyak
1997).
Which is superior in terms of extracting inheritance
information—a dense map of SNPs or a map of micro-
satellites? A comparison of ﬁgure 1 and table 1 shows
that, in most cases, a very dense map of SNPs (i.e., 1
SNP/0.1 cM) performs similarly to, or only marginally
better than, a relatively dense map (i.e., 1 marker/0.5
cM) of microsatellite markers. It is important to note
that a dense map of SNPs extracts considerably more
information than a sparse map of 300–400 microsatel-
lites (ﬁg. 2). For example, in the case of sib pairs without
parental genotypes, reanalysis with a map consisting of
5 SNPs/cM (∼15,000 SNPs) across the genome, which
is close to the density offered by some current gene chips
(Matsuzaki et al. 2004), would approximately double
the inheritance information extracted from the sib pair.
Such a map of SNPs would offer greater power than
that associated with the densest microsatellite panels cur-
rently available (ﬁg. 2). SNPs also have some advantages
relative to microsatellites, in that they are associated
with a lower genotype error (Kennedy et al. 2003) and
are amenable to automation and thus may be cheaper
in terms of cost and labor.
These results point to some clear guidelines for ge-
notyping in linkage studies, but it is important to note
some assumptions on which they are based. First, we
have assumed that an accurate genetic map of SNP
markers is available, when this may not be the case in
reality. Misspeciﬁcation of genetic distances may result
in decreased power to detect linkage (Daw et al. 2000).
Although locations of SNPs could be interpolated by use
of currently available maps, the best option would be
the construction of a genetic map of SNPs like the
deCODE microsatellite map (Kong et al. 2002). Also,
we have assumed the absence of linkage disequilibrium
in the calculation of information content at very high
marker densities. The software package MERLIN uses
a modiﬁcation of the Lander-Green algorithm, which
assumes linkage equilibrium between genetic markers
(Abecasis et al. 2002). It has been demonstrated that this
algorithm can give misleading results with missing data
in the presence of linkage disequilibrium (Schaid et al.
2002). Although several recent studies have shown that
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Figure 2 Information content associated with a single 100-cM simulated region for a variety of SNP and microsatellite panels. Each line
is representative of a marker panel currently available. Broken lines represent sparse marker densities (1 SNP/0.5 cM or 1 microsatellite/10
cM), and unbroken lines represent dense maps (1 SNP/0.2 cM or 1 microsatellite/3 cM). All simulations were conducted for one sib pair per
family; color coding shows the presence or absence of parental genotypes, as labeled in the margin. All SNPs had MAFs of 30%, and all
microsatellites had ﬁve equally frequent alleles (or heterozygosities of 0.80).
the extent and distribution of linkage disequilibrium is
extremely variable throughout the genome, in most cases
signiﬁcant linkage disequilibrium does not inﬂuence mar-
kers separated by 10.1 cM in outbred populations (Daw-
son et al. 2002; Phillips et al. 2003; Ke et al. 2004).
Last, we have not investigated the effect that genotyping
error may have on the results of these simulations. It is
well known that multipoint linkage analysis is extremely
sensitive to genotyping error and that error rates as small
as 1% can signiﬁcantly decrease the power to detect loci
(Douglas et al. 2000; Abecasis et al. 2001). Thus, if an
increase in marker density also increases the number of
genotyping errors present in the data, the net effect may
actually be a decrease in the power to detect linkage.
We suggest that the consequences of genotyping error
for high-density linkage scans be thoroughly investigated
in future studies.
The present ﬁndings suggest a number of guidelines for
genotyping in linkage studies. First, genotyping parents
is the most effective way to ensure that the maximum
amount of inheritance information is extracted from any
panel of markers. This holds true regardless of marker
density and regardless of whether SNPs or microsatellite
markers are typed. Of course, it is not always possible to
genotype parents, as is often the case in late-onset diseases
and psychiatric disorders. One compromise is to genotype
additional siblings. Such a strategy not only increases the
amount of inheritance information extracted from the
marker panel but also provides a more powerful analysis,
since more pairwise comparisons are provided in the re-
lationship (Dolan et al. 1999; Williams and Blangero
1999).
Second, performing genomewide linkage analysis by
use of a dense map of SNPs is preferable to performing
linkage analysis by use of a sparse map ofmicrosatellites.
When parental genotypes are available, a moderately
dense map of SNPs or microsatellites should sufﬁce (i.e.,
∼1 marker/1 cM in the case of SNPs and 1 marker/2
cM in the case of microsatellites). When parental ge-
notypes are unavailable, the higher the density of mark-
ers, the better.
Finally, the very low values of information content
associated with sparse panels of microsatellite markers
suggest that previous linkage studies that have employed
these panels would beneﬁt substantially from reanalysis
with a dense map of SNPs. This is particularly true for
sib-pair studies in which parents have not been geno-
typed. Several recent studies that have reanalyzed exist-
ing microsatellite scans with a denser map of SNPs have
found either suggestive or signiﬁcant linkages missed by
the initial scans (John et al. 2004;Middleton et al. 2004).
Our results suggest that reanalysis with a denser map of
markers will result in a substantial gain in the power to
detect linkage.
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